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6. SYSTEMS ANALYSIS

The purpose of the systems anaiysis effort in this short term study_
is to identify system concepts which would show the typical ' resource,
economic, and environmentsal impact of implementing hydrogen in selected
sectors of the energy system. The concepts identified are listed below.

1. The use of hydrogen, generated with available off-peak
electricity, es a clean fuel in the transportation sector (auto, diesel,
or aireraft). ' '

2. The wuse of hydrogen produced from coml as an slterpnate clean
fuel in the transportation sector.

3. Energy transport and distribution from remote central station
sites to urban areas via hydrogen in pipelines,

All ‘hese concepts could be implemented to a limited extent by 1985
provided the required research and development programs were actively
pursued. However, for the purpose of evaluating their potential impact
on the energy system, attention was directed toward the year 2000, It
was assumed that by then the concepts could be implemented to almost any
extent desired with a 15~ to 20-year transition period in the
intervening years. The extent to which hydrogen Produced with off-peak
pover can be exploited is limited by the central station electrie
capacity and load factor forecast for the yeai 2000. The amount of
hydrogen produced from coal in the second ovtion is set at the same
value as in the first concept sc that the two cases may be conveniently
compared. For the third concept, it is arbitrarily assumed that about
207 of the electrical energy production in the year 2000 requires longe
distance transport of hydrogen from remote ecentral station sites to
urban load centers.

The basic technique employed in the analysis of these concepts
makes use of "reference energy systems." This system is a flow-chart
model in which projected energy demands, beginning with resource
extraction and ending with sector utilization, may be specified and
allocated. The year 2000 reference energy system is glven in Fig. 212.
Environment effects are measured im terus of fossil fuel end radioactive
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emissions and are based upon emission factors given in Ref. 58,

6.1 Upnit Energy Cost Comparisons

This analysié recognizes that electricity is a clean and convenlent
energy form to the user and will alveys fulfill g unique and necessary
" jole in the energy system. The reference energy system for the year
-2000 in Fig. 12 cieurly shows that there are energy needs which can be
best satisfied with general~puryose fuels. Thus, this analysis
considers a variety of energy transmission schemes which can supply
either hydrogen or electriclty. Hydrogen can be used directly as & fuel
or used in the manufacture of derivative fuels such as methancl or
ammonia., Figure 13 illustrates schematically the three general types of
energy delivery system slternatives which a:e considered.

Hydrogen end electricity are highly compatible energy forms which
are interconvertible and have a greal mapy end use epplications. It is
importent to recognize that the overall cost of energy to the user
depends. on the ratic of the electricsl to general purpose fuel energy
requirements. At the present time, the ratio of electrical to general-
purpose fuel energy delivered to all end uses in the enérgy systen is
approximately 1:10; in the reference year 2000 this ratio is projécted
to be approximately l:k.

It should also be recognized that in the near term coel will be an
Amportant primary source of energy from which relatively inexpensive
fuels, such as hydrogen, methanol , methane, and gasoline, can be
derived. The availability of coal is an important factor in the early
transition periocd from fossil to nuclear-derived synthetic fuels.

In this analysis the unit cost of energy delivered to the
rasidential consumer has been estimsted for a fariety of energy delivery
systems, Tuc distinction petween the cost of energy to residential
customers and commercial or industrial users is sssumed to be only in
-the cost of local distribution of the energy form {i.e., electricity or
gaseous hydrogen, which are assumed to cost $2.55/10° Btu end $0.66/108
Btu,58 respectively). The average cost of this service to an industris)
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‘or commeréial customer is spproximately one-third the above costs in
‘most cases. ’

The energy delivery systems considered can ﬁe broken down into e
number of separate unit costs such as primary ‘fuely production of
electricity; production of hydrogen; storage, transmissién, and
conversjon of hydrcgen to electricity; snd local distribution. It is
assumed that the capital-costs are amortized at 15% for 25 years; All
the various sepafate process steps, ineludin, transmission and
'distribution, have some - inefficiency associaﬁed with them which is
considered in dériving tha ovefall cost of the energy to thé end use.
The efficiencies assumed in deriving the cost of the energy delivered
are ga.rollowsé '

1. fuel conversion to electricity, 32%;

2. 'hydrogen production, J0%; _

3. ‘transulssion of electricity and gas, 95%;
4. aistribution of electricity mnd gas, 95%;
5, fuel cell conversion, 65%.

Table 11 is & breakdown of the various costs for .five of the
systems which have been considered. The nuclear-electric system.usas é
light—watér resctor (LWR) to generate electricity in a central station
' operating with a plant factor of 0.5, The nuclear hydrogen system uses
an LWR to produce hydrogen gas by means of an advanced electrolysis
process achievable with resecarch end devélopment. In the third system
the IWR generates hydrogen, wiaich is transmitted to substations for
conversion to electricity in a fuel cell and distributed in the
conventional manner. The fourth system pfoduces and delivers hydrogen
using off-pesk nuclear power. In this case only the fuel and operatihg'
cost of the plant sand none of the capital costs are charged to the price
of the electricity. The last column gives a breakdown of the cost of
coal gasification in which the soal cost is assrmed to be 29¢/105_Btu
(~$7.50/ton}. '

Energy tranemission schemes producing - gaseous hydrogen which is
transmitted by pipeline to & substation where all the hydrogen is
reconverted to electricity have merit only wunder very special
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condition .. In those circumstances whare aboveground right ef way is
aot ava.iable or is very expensive, underground transmission of hydrogen
and reconversion to electricity may be an attractive alternative, It is
estimated that underground electric transmission may be from 3 to 20
times more expensive than conventional aboveground electrie transmission
systems " whieh could make underground hydrogen transmission and
conversion to electricity an economic alternative. However, there are
extra costs and inefficiencies in cenverting electricity to hydrogen and
bnek to electricity. Under normal circumstances it is probably not
realistic to consider such a system; however, when a significant
fraction of the hydrogen tronsmitted can be used to supply nonelectrical

pneeds (i.e., 1% can be used as & general purpose fuel for stationary or
transportation applicatidns) then the economics of hydrogen energy
delivery schemes appear attrective.

Tne oversll cost of energy delivered in a duel -gystem delivering
; hyﬂrogen and electricity compared with conventional systems is
{llustrated in Table 12, In this cese it is assumed that 25% of the
hydrogen produced is liquified for energy storage. The ratic of fuel.to
electric requirement is assumed to be bL:l and fuel cells are used to
supply the electrical needs. It 1s evident that =8 dual system-
delivering both electricity and hydrogen is competitive with an =&all~
electric system. Using advanced hydrogen technology achievable with
research and development the overall energy cost, that is, gas and
electricity, is estimated to be $6.10/15 Btu (n2¢/kinr).

If presently savailable technology is 'used .to implement such &
system the cost ‘would be $7.59/10% Btu. These prices are almost
competitive with the price of nuelear electricity from an IWR, which is
- ghown in Table 12 to be in the range of $5.4k to $6. B9/106 Btu.

In systems which deliver only electricity via hydrogen transmission
and reconversion to electricity, the overall cost of the electricity
will be high relative to the cost of electricity generated and delivered
in = conventional manner. Thik point is illustrated in Table 13, vhich
1ists the estimated cost of electricity delivered in systems utilizing

hydrogen trahsmiesion and reconversion in central stetions with turbines
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Teble 12. Total cost of energy delivered in o dual systenm
supplying both electricity and hydrogen compared
with mli-electric reference systems

Cost
($/105 Btu)
Advenced® Present
Technology Technology
Ruclear hydrogen with liquid 6.10% T.59
storege delivering ges and :
electricity in the retio of b:l
where 25% of the hydrogen produced
is liquefied end fuel cells supply
the electrical requirements
Fuclear, all-electric with a plent 6.89
factor of 0.5
Nuclear, sll-electric with a plant 5.hhb

factor of C.85

aIf none of the h&drogen is 1liguefied, the overall cost is reduced
to $5.55/10% Btu.

quuivalent to & delivered cost of ~19 mills/kWhr. The production
copt for this case was 8 mills/kWhr. '

¥

Advenced technology assumes sbout & factor of 3 reductlon in initiel
ecost of the weter electrolysis end fuel cell equipment and en increase in
the fuel cel. efficiency from 50% to 65%.
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Table 13. Cost of electricity delivered to reéidential
consuners for some cases considered

Cozt
($/10° Btu)
-Advenced Present
Technology ‘Technology
Off-peak nuclear electric o 3.37
Nucleer electric with plant ) C 5.k
factor = 0,85
Fuclear electric with plant . 6.89
factor = 0,5 ’
Fossil-fueled electric with ' 6.97
plant factor = 0.5
Kuclear electric with pumped storage . 9.48
Huclear hydrogen transmission end 9.68 ‘ 15.13
conversion to elect-ieclty in fuel
cells
Ficlear hydrogen transmission and 10,16 . 13.88
conversion to electricity in . .
turbines
Nuclear hydrogen transmicsion end 13.63

. eonversion to electricity in fuel
cells where ail the hydrogen 1s
liquefied and stored prior to use
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or fuel cells wusing present or advanced technology achievéd with
research end development, It is clear that conventional electrie
systems are more economic; however, when such dnal systems deliver
hydrogen and electricity, the overall cost of the energy will be
competitive with conventional all-electric systems, as illustrated inp
Table 12.

In addition to being able to satisfy the need for general-purpose
fuels, coupling of electric generation and hydrogen production has the
added advantage that hydrogen production and storability have the effect
of improving the overall load factor of the electric generating system.
Furthermore, a significant amount of storage capacitylis available in
the long distence transmission lines at low additional cost {see’ Sect,
). ' _

Table 14 lists the ‘overall cost of hydrogen delivered to
residentisl consumers using nuclear energy, nuclear energy with liquiad
hydrogen storage, off-peak nuclear energy, and hydrogen By coul
gasification using presently available and advanced technology. It is
evident that offepesk nuclear hydrogen and hydrogen derived from cosl
gasification are competitive; Further, it sppears that the price of
methane end hydrogen derived from coal gasification will be éimilar;
thus more detailed studies are required to weigh the merits of hydrbgen

vs methane from coal.

6.2 HNydrogen for Peak Shaving

The elements of hydrogen production, liguefication, storage and
reconversion fo electricity can forw the basis of an electric storage or
peek shaving system, Using advanced technology achieved with research
.and development, such a system could be competitive with pumped storage
costing $200/kW. In this system hydrogen (end oxygen) produced during
off-peak periods in an electrolytic hydrogen plant operating at a plant
factor of 0.3 is liquefied and stored. Dufing the peak demand period
the hydrogen {and oxygeu) is converted to eleciricity in a turbine or
fuel cell operating at & plant factor of 0,1. It is estimated that the
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Teble 1k, Cost of hydrogen delivered to residentiel
consumer for some cases consigered:

Cogt
($/10% Btu)
Advanced Present
Technology © Technology
Nuclear hydrogen 4,52 - 5,01
Nuclesr hydrogen with liquid storage T.23 T.82
| Off?peak nuclear hydrogen® 2,47 L,05
Off-pesk nuclesr hydrogen : 1.93  2,k2
-where the electrolytic plent '
load factor ias 0.95
Coal«derived hydrogenb ' 2.15 . 1.98

%mis cost essumes that the hydrogen plent load factor is 0.3.
Increasing the plant fector to 0,95 reduces the price of present
and aedvanced technology to $2 L2 and $1.93/10% Btu, respectively, as
shown in cese k.

bAssuming the price of coal increases by & factor of 2.5.
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electricity produced in such a system using present-day technology would
cost approximately $23/106 Btu for a system with turbine converters and
approximately $31/10% Bty using fuel cells. A research and development
program  which would reduce the cost of hydrogen production and increase
the efficiency of turbines and fuel cells as well as reduce their cost
could reduce the price of electricity derived in this type of system to
approximately $12/10% Btu. A comparison of these various costs are
listed in Table 15, which shows that research and development could make
peak shaving with hydrogen competitive with pumped storage costing in
excesa of $200/kW of installed capacity,

The cost of peak shaving or electricity storage using hydrogen is
high, primarily because of the inefficiencies of reconversion to
electricity, the high cost of the conversion devices, and the relatively
. poor load factor of the hydrogen production plant and conversion

devices. However, the technology required to implement this type of
peak shaving system is availsble at the present time, but the cost of
electricity would be & factor of 2 higher than achieved with puzped
storage at $200/kW of installed capacity. If markets are aveilable for
nuclear-derived electrolytic hydrogen, it is more reasonable to build
hydrogen production plants which can be used to supply electricity for
ghort periods of time to meet pesaking needs, The Bnajor fraction of the
time, these plants would be operated to produce hydrogen wvhich could be
'supplied for transportation residentisl or industrial applications.,
Thus the development of large~scale uses of electrolytié hydrogen and
the necessary productien facilities eould have significant impﬁct in
supplying peak electrical demands.

6.3 Resource, Economic, and Environmental Perturbations for

Hydrogen System Implementation

A summary of the essential resource, eccnomic, and environmentsl
periurbations  associated with each implementation scheme for the
utilization of hydrogen discussed in the previous section ig given in
Table 16, The first three implementation schemes, listed in Table 16
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Teble 15. Cost of electricity at the central station using
hydrogen production, liguefication, and reconversion
to electricity for peak shaving

Cost
($/10% Btu)
Advanced Present
Technology Technology
Hydrogen production end reconversion 12 31
in fuel cells? ‘
Hydrogen production end reconversion 12 _ 23
in turbinesb
Pumped storage : ' ‘ 11c
Central station electricityd ‘ k

Trhe electrolytic cells are assumed to operate at = plant feector
of 0.3, and the power cost is due only to the fuel and operation end
maintenance ecsts of the electrie plant,

b

The plent factor for the turbine and fuel cell reconversion
devices is sssumed to be 0.1.

. ®it im assumed that the present cost of a pumped storage facility
is $200/kV.

. dThe ﬁlant is assumed to be an LﬁR operating at a plant factor of
0- 5- . .
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under the héading Perturbed Year 2000-I, -II, and -III, represent

possible methods for the utilization of off-peak électric power, With
the emphasis behind the search for siternative energy sources centered
around (1) projected difficulties in providing an adequate petroleum
supply and (2) growing requirements for stringent controls on the
pollution of air from all energ& sources, use of clean-burning hydrogen
for tfansportation applications 1is given consideration here as an
option.

The amount of available off-peak powar in the year 2000 preference
energy system can satisfy: (1) 50% of the automotive, or (2) 50% of the
aireraft, or (3) ell the diesel fuel requirements. The petroleum
rescurce consumption decreases in each case, and under the allenuclear
scheme (year 2000-I11), the greatest saving in petroleunm resources is
realized, This savings could substantially redice reliance on'foreign
sources of petrolewn, perhaps sllowing a 15 to 20% decresse in the
projected imports. The c¢ost results show that, with exclusion of
development costs of a porteble hydrogen storage system suitable for use
in ground transportation vehicles, the reference off-pesk hydrogen case
(2000-1) is directly competitive with gasoline. If the refereunce Year
2000 electricity is all nuclear generated fEOOO-III), a8 substantial
overall savings can be realized. This is due to the lower coat of
nuclear fuels vs fossil fuels, along with the assumed exclusive future
construction of nuclear-electric pover plants, and the savings in crude
oii end refining costs. The cost analysis considers antomotive
utilization exclusively. . .

Emissions in the transportation sector are shifted in each case
from high~level concentrations in populafed urban centers to central
station electric sites, wmaking them emenable to improved methods of
bower plant emissions control and providing & mechanism of dispersion
that allows &n acceptable overall level of air quality to be maintained,
Although the year 2000-I case that uses offpeak electric power generated
by the refercnce year fuel mix shows an overall increamse in fossil-fuel
emissions, these emissions are ahifted away from urban concentrations.

Assuming the reference projections for diesel utilization and the
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present uncontrolled emissions for these vehicles, replacement of dlesel
fuel with hydrogen gives the gréatest overall reduction in fossil-fuel
emissions, es is seen from the perturbed year 2000-I, ~IXI diesel

utilization emissions. The problems of making a quantitative evaluation

of some of the trade-offs inherent in these comparisons is illustrated
in Fig. 1%. "This figure shows the emissions occurring for Case 2000-I1T

with 507 of the aircraft fuel being supplied by hydropgen. Chemical

emissions are significantly reduced while radioactive materials are

‘increased. It should bYe realized that the increaséd radiation exposure
averaged over the ?bpulation would be equivalent to only 1.5 to 3.5% of
normal background radiation.

Following the off-peak electric implementation schemes, Table 16
lists the resplts'for the gasification of coal into hydrogen (perturbed
year 2000-IV), end, for comparisen, methane is considered as an
slternate fuel from coal (2000-V). The resource perturbations’ show en
increasé in coal consumption that is direccly offset by the decrease in
oil consumption, that is, the amount of oil consumption shown is
exchanged for & larger (about 3%%, due to conversion effi;iencies in the
gasification process) coal consumption. The cost numbers indicate thet
' gavlrication is - directly competitive with (1) gasoline as in the
reference case, ({(2) the perturbed year 2000-I, and further, that no
economic basié exisps for a choice between hydrogen and methane, The
primary environmental advantsge of hydrogen from coal ovef-the previous
cases is the lack of radioactive emicsions and the problems of
radioactive ﬁaste disposal and storege. Methane, being & hydrocarbon
- fuel, is less desirable from an emissions standpoint. as can be seen by
comparing the reductions of carbon monoxide possible with hydrogen.

The final section under perturbed year 2000-YI in Table 16
sumearizes the GE~-TEMPO schemeGCIin which hydrogen is used as a medium
_ of energy transmission. Eleectrolytle hydrogen is generated ot a remote
nuclear central station electric site, piped underground to gas turbine
sﬁbstations, and used to fuel the turbines that 5enérate electricity for
local  distribution. This scheme has merit only if conversion-
efficiencies (electrolysis, ges turbine) can be xralsed substantially,
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since the resource and cost perturbations show substantial increases due
primarily to the required capital construction costs for the edditional
power plants require& to compensate for the conversion inefficiencies,
Here, 20% of the year 2000 fossil fuel power generated (excluding
Pesking plants which were eliminated) was shifted to nuclear fuel, and
it was also required that 20% of the year 2000 power generated be
delivered via the GE~TEMPO scheme.,

The systems analyses examples discuséed above are limited in scope
and serve a3 a preliminary or sample anaelysis, A more detailed analysig’
is required which will make realistic detailed assumptions about end use
efficiency as well as appliance or vehicle costs used in hydrogen
systems. Furthermore it is evident that realistic total costs for
resource use end for emissions controls and effects need to be epplied
to méke finel Judgments ebout the relative merits of the wvarious cases
studied, ' _

Nevertheless, it seems cleer that the use of coal and of nuclear
off-pesk pover, slthough limited in extent, can provide a low-cost
substitute netursl gas, and that s nuclesr~hydrogen system can be more
econcmical than a nuclear-electric energy delivery systenm,
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